INTRODUCTION
Pseudomonas solanacearum, the causal agent of bacterial wilt of solanaceous crops and of many other plants, is one of the major plant pathogens in tropical areas (Buddenhagen & Kelman, 1964) . Many attempts have been made to identify the biochemical determinants of pathogenicity of this bacterium and to study their mode of action in the host plant (Dudman, 1959; Husain & Kelman, 1958; Kelman & Cowling, 1965 ; Phelps & Sequeira, 1967; Whatley et al., 1980) . Most of these studies have been done with collections of wild-type strains or with avirulent pleiotropic mutants. Two classes of such mutants of P. solanacearum have been described. The first class corresponds to spontaneous avirulent mutants, easily recognizable by their red non-slimy colonies on a tetrazolium chloride/glucose rich medium whereas on the same medium the wild-type strain gives rise to white to pink slimy colonies (Kelman, 1954) . Mutants of this type will be referred to as 'red' mutants. They have a rough type lipopolysaccharide and are defective for exopolysaccharide production (Hendrick & Sequeira, 1984) . The second class corresponds to avirulent mutants resistant to acridine orange (Message et al., 1978) . They have the wild-type colony morphology but exhibit noticeable differences in the composition of their lipopolysaccharide and exopolysaccharide (Driguks et al., 1985) . The comparison of a wild-type strain with a collection of point mutants affected in pathogenicity should lead to more conclusive results.
Induced mutagenesis should increase the number of avirulent mutants available. Chemical mutagenesis has recently been used to isolate mutants of Xanthomonas campestris pv. campestris showing altered pathogenicity . Transposons are tools of choice to induce mutagenesis since they generate polar mutations and should further facilitate genetic and physical analysis of the mutants. In addition they allow easy cloning of genes of interest. Transposon mutagenesis has already been used extensively in the study of plant-bacteria interactions with the pathogenic Pseudomonas syringae (Anderson & Mills, 1984) , with Agrobacteria and with symbiotic rhizobia (de Bruijn & Lupski, 1984) . We have shown that Tn5, Tn7 and TnlO can be used for mutagenesis of P . solanacearum (Boucher et al., 198 1). Using Tn5, Staskawicz et al.
(1 983) obtained P. solanacearum avirulent mutants which are similar in their colony morphology to the spontaneous red mutants. In this paper we report the isolation and preliminary characterization of mutants induced by random insertion of Tn5 into P. solanacearum D N A .
METHODS
Bacterial strains and plasmids. These are listed in Table 1 . Culture media and growth conditions. Escherichia coli strains were grown at 37 "C in LB broth (Miller, 1972) . For P . solmacearum, peptone broth was used, containing (g 1-I): Difco Bacto-Peptone, 10; Difco Yeast Extract, 1 ; Difco Casamino acids, 1. Solid medium also contained Bacto-Agar (15 g 1-I) and glucose (5 g 1-I) (BG medium), and could be supplemented with triphenyltetrazolium chloride (50 mg 1-I) (BGT medium). Minimal medium (MM) was one-quarter strength M63 (Maniatis et al., 1982) . P . solanacearum cultures were incubated at 30 "C. When required, antibiotics were used at the following concentrations (pg ml-l) : streptomycin (Sm), 200; rifampicin (Rif; a gift from Lepetit Laboratories), 50; tetracycline (Tc; from Boehringer), 10; chloramphenicol (Cm), 25; kanamycin (Km; a gift from Bristol Laboratories), 25 for E. coli and 50 for P . solanacearum; and trimethoprim (Tp, in BGT medium), 50.
Conjugations. Bacteria were mated on filter membranes as previously described (Boucher et al., 1981) using lo8 donor and lo8 recipient cells; E. coli donor cells were counterselected using Sm and Rif.
Transformation qf P . solanacearum. Bacteria were transformed on plates according to the method of Le et al. (1978) with the following modifications. Recipient bacteria were grown to 5 x lo8 cells ml-' in MM containing glucose (2 g 1-I) and glycerol (4 ml I-'). For transformation, 50 pl of the recipient culture was mixed with 2 to 5 pg purified DNA (see below) of the donor strain and spread over an area of 2 cm2 of a Petri dish containing solid MM complemented with glycerol (4 ml I-'). Each mixture was repeated in triplicate on a single plate and incubated for 48 h to 60 h at 30 "C. Cells were then resuspended in 5 ml sterile water and spread on selective medium. In these conditions, using DNA with an average size of 30 to 40 kb, transformation for a single marker occurs with a frequency of lo-' to In these conditions two markers are linked if 5 % or more of the transformants which have acquired the first marker have simultaneously acquired the second one.
D N A extraction procedure. Bacteria from 0.7 ml of a late exponential phase culture were collected by centrifugation in an Eppendorf tube, washed twice in TE buffer (50 mM-Tris/HCI, 20 mM-EDTA, pH 8.0) and resuspended in 900 y1 TE buffer. Cells were lysed by the addition of 100 yl of a 10% (w/v) SDS solution in TE buffer and incubation for 5 min at 65 "C. The lysate was deproteinized by extraction twice with phenol saturated with TE buffer and once with chloroform iso-amyl alcohol (24: 1). Nucleic acids were recovered by ethanol precipitation and redissolved in 10 mM-Tris/HCl, 1 mM-EDTA, pH 8.0, at a concentration of 200 to 500 yg ml-I.
Restriction endonuclease digestions. Digestions were done overnight at 37 "C according to the conditions defined by the supplier (Genofit, Geneva, Switzerland) with 5 units of enzyme per pg DNA.
Electrophoretic analyses. Electrophoresis was done for 4 h at 2 V cm-' in 1 % agarose gels equilibrated in Tris/acetate buffer (Maniatis et al., 1982) .
DNA-DNA hybridization. DNA (1 pg) was labelled to lo8 d.p.m. pg-I with deoxycytidine 5'-[~r-~~P]triphosphate using a nick translation kit from Amersham according to the protocol provided by the supplier. Conditions for DNA blotting and hybridization in 2.5 x SSC at 65 "C were those described by Rosenberg et al. (1981) .
Pathogenicity tests on axenic tomato plants. Tomato seeds (cultivar H63-5, supplied by Vilmorin, Beaufort en VallCe, France) were surface-sterilized for 45 min in a 7% (w/v) calcium hypochlorite solution and thoroughly rinsed with sterile deionized water. Incubation at 30 "C on BG plates for 60 h provided a test for sterility and allowed germination. Germinated seeds were transferred in pairs to sterilized test tubes (22 mm diameter) containing 1.5 g vermiculite and 6 ml nutrient solution (KN03, 5 mM; KH2P0,, 2 mM; Ca(N03)?, 2 mM; MgSO,, 1.5 mM; H3B04, 24 pM; MnSO,, 8-9 PM; ZnSO,, 3-1 PM; CuSO,, 1 p~; K2M00,, 0.1 pM; and FeSO,, 0.1 mM, complexed with 0.1 mM EDTA). The tubes were kept in a growth chamber (16 h, 3600 lux, 30 "C; 8 h, dark, 28 "C). The seedlings were inoculated 4 d after sowing in test tubes by adding 1 ml water containing lo7 to lo8 of the bacteria to be tested. At that stage the plants had fully expanded cotyledons.
Pathogenicity tests on tobacco leaves. Two-month-old tobacco plants cv. Bottom Special (we thank Dr L. Sequeira, University of Wisconsin, Madison, USA, for providing seeds) were inoculated with suspensions of mid- This work Tn5 insertion into a ColEl replicon This work exponential phase bacteria. Three intercostal areas on one half of both young and fully expanded leaves were infiltrated on each tobacco plant. Two different tobacco plants were infiltrated for each strain at two different concentrations, lo7 and lo9 cells ml-I . Inoculated plants were kept in a growth cabinet (I6 h light at 30 "C and 8 h dark at 28 "C) for several days. Results were recorded after 48 h, 5 d and 15 d. This inoculation test was repeated three times, and was done in a P3 containment laboratory since P. solanacearum has never been isolated in France.
R E S U L T S
Tn7 mutagenesis The suicide plasmid pAS8Rep-1 : : Tn7 is a Tn7 vector which is transmissible to most Gramnegative bacteria but can only replicate in those where its ColEl replication origin is functional (Sato et al., 1981) . When Escherichia coli strain K12S carrying this plasmid was mated for 5 h with P. solanacearum strain GMI 1229, Tpr transconjugants (potential Tn7 insertion mutants) occurred at a frequency of per recipient. Since no auxotrophs were found among 1000 clones tested, we checked for the presence of Tn7 insertion 'hot spots'. For that purpose, Southern blots of HindIII digests of total DNA of 16 Tn7-containing clones were hybridized with a pACYCl84 : : Tn7 probe. Since Tn7 is a 14 kb transposon with two internal HindIII sites (Hauer & Shapiro, 1984) , four bands were expected to hybridize on the blots. In all the cases the hybridizing bands had molecular sizes of 8, 7.2, 2-6 and 2.2 kb, the two smallest ones corresponding to the Tn7 internal fragments. The presence of the same two largest ones, corresponding to the Tn7 border fragments, in all of the 16 clones tested demonstrated the existence of a hot spot for insertion of Tn7 in P. solanacearum and therefore makes it unsuitable for generating a collection of random mutants. This led us to study the possibility of using Tn5 for mutagenesis of this species.
Tn.5 mutagenesis Plasmid pSUP2021 is a suicide vector which allows introduction of Tn5 into most Gramnegative bacteria. This plasmid was constructed by Simon et al. (1983) by insertion of the mob site of plasmid RK2 into pBR325. Provided a suitable IncPl helper plasmid is present in the donor strain, pSUP2021 can readily be transferred into most Gram-negative bacteria, where it will fail to replicate. When E. coli strain S17-1, which carries pSUP2021 and a chromosomally integrated RP4 derivative helper, was mated with P. solanacearum GMI1229 for 3 h, Kmr transconjugants occurred at a frequency of per recipient cell, whereas no such bacteria were detected in controls consisting of each of the parents incubated alone. When transconjugants were tested for the Cmr marker of the suicide vector, 10% were resistant although analysis of the plasmid content of such mutants did not reveal the presence of the autonomously replicating pSUP2021 plasmid. This suggested that in these cases pSUP2021 or part of it was integrated into the P. solanacearum genome. Transfer of the helper RP4 derivative could not be detected, based on the inability of 100 randomly chosen transconjugants to grow in the presence of Tp.
To test for auxotrophs, individual transconjugants were transferred to MM + Sm Rif Km and BGT medium + Sm Rif Km. Of 7250 clones tested 26 were auxotrophic. These were purified by streaking twice on BGT medium + Sm Rif Km and for 19 of them the nutritional requirement could be defined using MM complemented according to Maniatis et a/. (1982) . Simultaneously, pathogenicity of all the auxotrophs was assayed on tomato seedlings : most of the auxotrophic mutants retained their ability to wilt tomato plantlets ( Table 2 ) except for a Gly-, a Trp-and a mutant with an unidentified growth requirement. It is possible that loss of virulence of these mutants could result from a second independent mutational event in the genome; however, this is unlikely since the frequency of avirulent mutants among Tn5-mutagenized bacteria is fairly low (see below). The frequency and diversity of auxotrophs obtained suggest that in P. solanacearum, as in most other organisms (Berg & Berg, 1983 ), Tn5 inserts more or less randomly into the genome. The reversion frequency to prototrophy was measured for 13 randomly chosen Tn5-induced auxotrophic mutants. In all the cases reversion, if any, occurred with a frequency of loA7 or less. In the majority of the cases the prototrophic revertants had lost Km resistance.
Pathogenicity test on axenic tomato seedlings
Pathogenicity tests were made on axenic tomato seedlings grown in test tubes. This containment prevents cross-contamination and avoids the effects of contaminating saprophytic organisms.
Under standard conditions (inoculation 4 d after transplanting with 107-108 bacteria) we routinely obtained 100% wilting within 10 to 15 d among plants inoculated with strains GMI1000 or GMI2129. Under the same conditions the spontaneous avirulent mutant GMI2000 only induced a slight delay of growth compared with uninoculated controls. We have shown that if the plants were inoculated just after transplanting, strain GMI2000 also induced wilting. On the other hand, if inoculation was delayed until 15 d after transfer (the plants having two expanded leaves) three additional weeks were required to obtain 100% wilting of plants inoculated with strain GMI1000.
The effect of the size of inoculum was also investigated on 4-d-old plants. With inocula ranging from lo6 to lo9 bacteria per tube no significant difference was seen, but with smaller inocula (los to lo6) complete wilting was not reproducibly obtained.
The substratum used to grow the plants in test tubes was also important since replacement of vermiculite impregnated with nutrient solution by the same nutrient solution solidified with agar (15 g 1-I) resulted in a very heterogeneous response of plants inoculated with strain G MI 1000.
Screening for Tn5-induced avirulent mutants
Individual prototrophic Kmr transconjugants were streaked once on selective medium and screened for virulence on axenic tomato seedlings. For that purpose one tube containing two plants was inoculated with each clone. All the clones which failed to kill either of the two plants within one month were suspected of being avirulent and used to inoculate a set of 20 plants in test tubes. Although this second test allowed us to see differences in aggressiveness among the clones tested (delayed wilting or heterogeneous response), only avirulent mutants (defined as those unable to induce any wilting within one month) were retained and further characterized in this study. Of 8250 clones tested, 12 were avirulent (Vir-). In all the cases the strain could be reisolated from the vermiculite substratum at the end of the assay, demonstrating that the Virphenotype resulted from inability to cause visible symptoms on the plant rather than from inability to survive in the substratum.
Although among all the clones tested a fairly large proportion of them showed a colony morphology intermediate between wild-type and typical red mutants such as GMI2000, none of the intermediate type of mutants were detected as being avirulent. In addition, strain GMIl312, a Tn5-induced mutant which grows as a typical red mutant on BGT medium, remained virulent in our assay conditions whereas the spontaneous red mutant GMI2000 was avirulent in the same conditions.
Physical analysis of the D N A of avirulent mutants
The 12 avirulent mutants were sensitive to Cm, thus in these mutants the vector plasmid has not been integrated into the host genome.
In order to determine whether the Tn5 insertion had occurred in different sites of the genome and to test for the possibility of multiple insertional events in these mutants, blots of the total DNA from each mutant and of the parent strain GMI1229 were hybridized with a Tn5 probe consisting of plasmid pGMI226. The DNA was hybridized after digestion with EcoRI, an enzyme which does not cleave Tn5. In these conditions each band which hybridizes corresponds to one insertion. In addition, hybridization of an EcoRI-SalI double digest allows the discrimination between Tn5 and IS50 transposition. There is one SalI restriction site in the central part of the transposon (Fig. 1) ; therefore, double digestion with EcoRI plus Sun generates two bands which hybridize with the Tn5 probe in the case of insertion of a Tn5 copy, whereas insertion of IS50 leads to one single band in the same conditions. The results of these experiments are shown in Fig. 1 . They demonstrate that the parent strain GMI1229 does not have homology with the probe and that all the mutants have a single insertion of the transposon. An additional insertion of IS50 was detected in strains GMI1299, GMI1305 and possibly GMI1304, and two copies of this IS element are present in strain GMI1301.
According to their molecular weights, at least 10 Tn5-carrying EcoRI fragments could be distinguished among the 12 Vir-mutants. For two pairs of mutants for which it was not clear whether the Tn5-carrying EcoRI fragments were different, hybridization of the double digests demonstrated that if Tn5 insertion had occurred in a common fragment it occurred in different sites.
Linkage between Tn5 and avirulence markers
In order to test whether the loss of virulence was due to insertion of Tn5 in a virulence gene or to other mutational events (IS50 insertion or spontaneous mutation), the wild-type strain GMI1000 was transformed with DNA extracted from each avirulent mutant. Five to 10 Kmr transformants were picked up from each experiment, and after purification were checked for virulence on axenic tomato plants. All Kmr transformants were avirulent, demonstrathg a high linkage between the Tn5-encoded Kmr determinant and the mutated virulence gene. This suggests that loss of virulence probably results from insertion of the transposon into this gene.
Pathogenicity test on tobacco leaves of the Tn.5-induced avirulent mutants
The ability to induce a hypersensitive response (HR) on tobacco has already been shown to be useful for the differentiation of various avirulent mutants of P. solanacearum ( Sequeira, 1984; Message et al., 1978) . This property was used as a preliminary test to differentiate the various Tn5-induced avirulent mutants. The results are shown in Table 3 . Strains GMI 1000 and GMI 1229, virulent on tomato, induced a rapid collapse of tobacco in the infiltrated area within 24 h. In about a half of the experiments this collapse did not develop further or gave only limited yellowing of the surrounding parenchyma and some darkening of adjacent veinlets and veins within 15 d. In the other half of the experiments these symptoms became systemic and led to total wilting of the entire plant within 15 d. Based on the response observed 24 h after infiltration into tobacco leaf parenchyma, the 12 Tn5-induced avirulent mutants could be divided in to two groups. The first group (strains GMI1299, GMI1313, GMI1314, GMI1315 and GMI1330) induced the collapse of the infiltrated tissues at both inoculum concentrations. The affected tissues remained limited to the infiltrated area even after 15 d and looked very similar to the HR induced by the avirulent red spontaneous mutant GMI2000. All the other mutants failed to produce any visible reaction after 24 h. However, 4 d later this second group reproducibly divided in to two subgroups. Mutants of the first subgroup (GMI1301, GMI1304, GMI1305 and GMI1331) still remained negative whereas the other (GMI1303, GMI1317 and GMI1329) produced small necrotic lesions in the infiltrated areas. These lesions did not develop further.
DISCUSSION
The use of suicide vectors allowed transfer and integration of Tn5 and Tn7 into P. solanacearum. Of the clones which had acquired Tn5 10% also acquired the chloramphenicol resistance marker of the suicide plasmid pSUP2021. This probably resulted from a Tn5-promoted integration of the entire plasmid into the P. solanacearum genome. Whereas Tn5 inserts randomly in the P. solanacearum genome, Tn7 shows a high specificity for insertion in a particular site. This is similar to the behaviour that occurs in a number of other bacteria (Lichtenstein & Brenner, 1982; Ely, 1982; Thomson et al., 1981; Caruso & Shapiro, 1982; Turner et al., 1984) . In the present study, 12 independent avirulent Tn5-induced mutants have been further characterized. While all of them had one copy of Tn.5 and no vector marker, a fairly large proportion (three or four) showed additional insertions of IS50 in different restriction fragments.
We designed an efficient pathogenicity test for the screening of Tn5-induced avirulent mutants. This test gives a clear-cut response in a relatively short period of time and allows the handling of a large number of plants in a limited space. In addition, the strict microbiological containment of the inoculated plants prevents dissemination of the pathogen. This is particularly important for us since P. solanacearum has not been detected from most European countries.
Using the test 12 prototrophic avirulent mutants have been isolated out of 8250 clones tested. These mutants do not produce any visible symptoms on inoculated plants and are thus affected in genes absolutely required for the establishment of disease. It is possible that the test allows detection of other mutants only partly affected in virulence but these were intentionally left out of the present work.
C . A . BOUCHER AND OTHERS
Strains GMI1000 and GMI1229 induce HR-like symptoms within the first 24h after infiltration into tobacco leaves. But in a half of the cases these symptoms led to total wilting of the inoculated plant within two weeks. It is known that certain P. solanacearum isolates from tomato can induce a HR and be pathogenic on tobacco as well (Granada & Sequeira, 1975) . Alternatively, selection by the plant of spontaneous mutants that cause disease to an originally incompatible host could occur, as has been demonstrated in the case of Xanthomonas campestris pv. uesicatoria on pepper (Dahlbeck & Stall, 1979) . This possibility has been ruled out in our case since bacteria isolated from the vascular system of systemically infected tobacco plants inoculated with strain GMI 1229 were unable to induce reproducible systemic infection (data not shown). It is more likely that variability observed after inoculation of the wild-type strain could be due to physiological heterogeneity among tobacco plants, or to differences in the illumination of the plants following inoculation. This factor has previously been shown to be important in symptom expression (Lozano & Sequeira, 1970) . However, the early collapse of the infiltrated area (HR-like reaction) has always been observed with the wild-type strain and could be used for the differentiation of the Tn.5-induced avirulent mutants. This test allowed the distinction of at least two groups of mutants. The first group corresponds to strains which still induced an early collapse which was never seen to develop further (HR+ phenotype) in three independent experiments. It is not clear whether the group of mutants which failed to produce symptoms after 24 h should be divided in to two subgroups based on the ability of the mutants to induce a delayed and partial HR-like reaction. It is possible that this delayed reaction could result from the appearance of spontaneous revertants after inoculation into the leaves. However, the fact that the timing and intensity of this reaction are not influenced by the bacterial concentration of the inoculum and the low reversion rate of Tn5-induced auxotrophic mutants suggest that mutants of this group could present a leaky HR-phenotype.
Although spontaneous red avirulent mutants similar to GMI2000 are easy to isolate from liquid cultures grown in static conditions, none of the many Tn.5-induced mutants with altered colony morphology were avirulent in our screening procedure. This differs from the results obtained with strain S-82 by Staskawicz et al. (1983) . These authors isolated red mutants at a frequency of among Tn.5-induced mutants. These mutants were avirulent on potato and all of them were shown to result from the additional insertion of IS50 into a single 1.5 kb EcoRI restriction fragment, which thus seems to behave as a hot spot for IS50 insertion in strain S-82. Molecular hybridization using this cloned fragment (kindly provided by B. Staskawicz) as a probe demonstrated the presence of a homologous region in strain GMI1229 (data not shown); however, none of the Tn5-induced mutants with altered colony morphology that we obtained was affected in virulence. This suggests that either this region is not a hot spot for IS50 insertion in strain GMI1229 or that the gene it harbours is not essential for virulence on tomato.
The frequency of prototrophic avirulent mutants (0.14%) compared with the frequency of auxotrophs (0.35%) indicates that a fairly large proportion of the genome is involved in pathogenicity. The proportion of those genes which are specific to plant pathogenic bacteria and their organization on the genome remains unknown.
Using Tn.5-induced mutants it is now possible to undertake such a study. In particular it will be interesting to see whether in some of our avirulent mutants insertion of Tn5 occurred in the megaplasmid that we have shown to be present in most P . solanacearum strains (Rosenberg et al., 1982) . 
